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The membrane glycoproteins G1 and G2 of Hantaan virus (HTNV; family Bunyaviridae) are encoded on the M RNA genome
segment as a precursor polypeptide that is cotranslationally cleaved by host proteases. G1 and G2 accumulate in the Golgi
complex in cells following either virus infection or transfection with M segment cDNA. However, there are conflicting reports
in the literature concerning the Golgi targeting of separately expressed G1. To resolve these differences, a series of M
segment and G1 coding region cDNA mutants was constructed containing either C-terminal or internal deletions. The
intracellular localization of proteins expressed from these constructs was investigated by using confocal microscopy and
double-staining immunofluorescence with G1 and G2 specific monoclonal antibodies and antisera specific for markers of the
Golgi complex (GM130 and mannosidase II) and of the ER (calnexin). When expressed individually, G1 and G2 were retained
in the ER, whereas when coexpressed from separate plasmids, both proteins localized to the Golgi. A construct expressing
the whole G1 coding region and the complete signal sequence of G2 (amino acids 1–648 of the precursor) was found to be
the minimal G1 protein competent to rescue G2 to the Golgi. This suggests that the G1 cytoplasmic tail including the
downstream G2 signal peptide plays an important role in Golgi localization of HTNV glycoproteins. None of the constructs
with internal deletions in the cDNA expressed proteins that localized to the Golgi. Our results indicate that the Golgi retentionINTRODUCTION
Hantaan virus (HTNV), the prototype of the Hantavirus
genus in the family Bunyaviridae, is the etiologic agent of
the severe form of hemorrhagic fever with renal syn-
drome. Similar to other viruses in this family, HTNV has a
tripartite, single-stranded negative-sense RNA genome.
The small (S), medium (M), and large (L) genomic RNA
segments encode the nucleocapsid protein, virion enve-
lope glycoproteins (G1 and G2), and the L protein (virion-
associated RNA polymerase), respectively (Schmaljohn,
1996). G1 and G2 form surface projections on the virion,
approximately 6 nm in length. The expression strategy of
the M segment is believed to be similar to that of other
viruses in the family, in that the G1 and G2 proteins are
generated following cotranslational proteolytic process-
ing of a glycoprotein precursor (GPC). Both G1 and G2
are type I membrane proteins. Within the 1135 amino
acid GPC there are four major hydrophobic regions. Two
regions, residues 1 to 17 and 627 to 648, are thought to
act as signal peptides since the N terminus of G1 has
been mapped to residue 18 and the N-terminus of G2 to
residue 649, following cleavage at a highly conserved
peptide motif, WAASA. Hydrophobic regions 441 to 551
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dressed at Institute of Virology, University of Glasgow, Church Street,31and 1097 to 1127 contain the presumed transmembrane
domains for G1 and G2, respectively. The C-terminus of
G1 has not been determined (Lo¨ber et al., 2001; Schmal-
john et al., 1987; Spiropoulou, 2001).
Viruses of the family Bunyaviridae are characterized by
an unusual pattern of intracellular maturation and bud-
ding at the Golgi complex, which is thought to be medi-
ated by the retention and accumulation of the viral gly-
coproteins in this cellular compartment (Pettersson and
Melin, 1996). Similar to the other viruses in the family,
HTNV glycoproteins do accumulate in the Golgi, follow-
ing both virus infection and transfection of cells with M
segment cDNA, and it is accepted that G1 and G2 form
a heterodimer in the ER (reviewed by Spiropoulou, 2001).
Intracellular maturation of hantavirus particles has been
visualized by electron microscopy, demonstrating virus
particles in the Golgi cisternae (Hung, 1988; Goldsmith et
al., 1995). However, electron microscopic studies on the
New World hantaviruses that are associated with hanta-
virus pulmonary syndrome have provided evidence for
maturation to occur at the plasma membrane (Goldsmith
et al., 1995; Ravkov et al., 1997). In addition, viral glyco-
proteins were detected at the cell surface. Thus there
may be differences in the site of maturation between the
New World and Old World (such as HTNV) hantaviruses
(Ravkov et al., 1997).
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siero and Hay (1992) reported that G1 reached the Golgi
in the absence of G2, whereas Ruusala et al. (1992)
reported that G1 alone was unable to leave the ER
without coexpression of G2. In this study we have rein-
vestigated the intracellular localization of HTNV glyco-
proteins by confocal microscopy with a series of trun-
cated cDNA constructs. Our results showed that Golgi
targeting and retention of the glycoproteins require the
coexpression of G1 and G2. When separately expressed,
both G1 and G2 remained predominantly in the ER.
RESULTS
Localization of separately expressed G1 and G2 of
Hantaan viruses
It is well accepted that HTNV G1 and G2 accumulate
in the Golgi complex in virus-infected cells (Pensiero et
al., 1988, 1992) and in cells in which the glycoproteins are
expressed from a full-length M segment cDNA (Pensiero
et al., 1988; Pensiero and Hay, 1992; Ruusala et al., 1992;
reviewed by Spiropoulou, 2001). However, there are con-
flicting reports regarding the Golgi targeting abilities of
G1 and G2 when expressed separately (Pensiero and
Hay, 1992; Ruusala et al., 1992). A key question is
whether separately expressed G1 and G2 can exit the ER
and localize to the Golgi complex. To address this ques-
tion, we monitored whether the individual G1 or G2
proteins were able to colocalize with the specific Golgi
marker GM130. As shown in Fig. 2, when HTNV G1 and
G2 were expressed together, either from the M segment
cDNA (A to C) or from cotransfected plasmids containing
cDNA sequences encoding G1 (residues 1 to 648) and
G2 (in-frame Met at residue 632 to residue 1134) (J to L),
the glycoproteins colocalized with GM130 (Figs. 2C and
2L). When expressed from the M segment cDNA, G1 and
G2 also colocalized with another Golgi marker, manno-
sidase II, a medial Golgi marker (Figs. 2M–2O). In con-
trast, neither G1 (D to F) nor G2 (G to I) when expressed
alone colocalized with GM130; rather, the glycoproteins
gave a generalized cytoplasmic staining. We also exam-
ined unpermeabilized cells to look for surface fluores-
cence, but none was observed in cells transfected with
either M segment or G1 or G2 encoding cDNAs (data not
shown).
We next investigated whether the separately ex-
pressed glycoproteins were able to exit the ER by stain-
ing transfected cells with an antibody to calnexin, a
resident ER protein. This chaperone, together with cal-
reticulin, plays a key role in glycoprotein folding and
quality control within the ER (for review see Helenius and
Aebi, 2001). Consistently, HTNV G1 and G2, when ex-
pressed from the M segment cDNA, failed to show co-
localization with calnexin in the merged images (Figs. 3A
to 3C). However, clear colocalization was observed with
calnexin when either G1 (Figs. 3D to 3F) or G2 (Figs. 3G
to 3I) was expressed individually. These results suggest
that to exit the ER and translocate to the Golgi, the two
glycoproteins must be synthesized together and presum-
ably interact. In the absence of the other partner, sepa-
rately expressed G1 or G2 is likely retained in the ER by
the ER quality control system. Thus our results confirm
the observation of Russala et al. (1992) that G1 and G2
require each other for Golgi localization.
Intracellular localization of progressively deleted GPC
from C-terminus
One explanation for the discrepancy in the literature
regarding the Golgi localization of individually expressed
G1 is that different constructs containing G1 sequences
were used, which in turn were different from the G1
construct used here (residues 1 to 648). The “G1” con-
struct used by Ruusala et al. (1992) comprised residues
1 to 859, and hence contained 211 residues of G2; Pen-
siero and Hay (1992) used two constructs, comprising
residues 1 to 642 and 1 to 567, and reported that both
localized to the Golgi. To investigate this aspect further,
we constructed a series of truncated mutants with dif-
ferent lengths of coding region deleted from 3-terminus
of M segment cDNA (Fig. 1A). Four mutants, M3250,
M3058, M2851, and M2446, encode complete G1
fused to 422, 358, 289, or 154 amino acids of G2, respec-
tively. The proteins expressed from these deletion mu-
tants were characterized by immunoprecipitation with
anti-HTNV G1 and G2 MAbs; in each case cleavage of
the precursor occurred as evidenced by a full-length G1
protein band and shorter G2 protein bands on the gel
(data not shown). Immunoprecipitation of the proteins
expressed by the other mutants revealed either full-
length G1 (mutants G1-2024 and G1-1984) or shorter
forms of G1 as expected (data not shown).
Using the GM130 antibody as the Golgi marker, we
investigated the intracellular localization of the truncated
glycoproteins that were expressed from the M segment
cDNA mutants described above. As shown in Fig. 4,
none of the proteins expressed from the truncated
cDNAs, including those that expressed full-length G1,
was able to localize to the Golgi. We did observe that
some of the viral proteins gave a perinuclear staining
pattern (e.g., Figs. 4B, 4F, 4G, and 4H), but this staining
did not colocalize with that of the Golgi marker GM130.
Duplicate dishes of cells were cotransfected with the
above truncation mutants and the plasmid containing the
full-length G2 coding region. In the presence of coex-
pressed G2, all G1 proteins expressed from the M mu-
tants that encoded more than 648 amino acids of the
GPC colocalized with GM130 in the Golgi (Figs. 5A to 5F).
However, deletion of a further 12 amino acids from GPC,
in the construct G1-1949, where residues from the
signal sequence of G2 have been removed (Fig. 6),
resulted in the failure of Golgi localization of the trun-
cated G1 (Fig. 5G). This suggests that the signal peptide
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for G2 plays an important role in the Golgi localization of
HTNV glycoproteins and perhaps remains uncleaved
from G1.
Localization of glycoproteins containing internal
deletions
In a further approach to define the Golgi targeting/
retention domain of HTNV glycoproteins a series of M
segment cDNA clones containing overlapping internal
deletions of 100 to 200 amino acids was made (Fig. 1B).
These clones were transfected into cells and the intra-
cellular distribution of viral proteins assessed by confo-
cal microscopy as before. Our results showed that none
of proteins expressed from the cDNAs with internal de-
letions was able to target to the Golgi. All constructs
gave an ER-like staining pattern, similar to that seen with
the individually expressed G1 or G2 (results not shown).
Taken together, our results suggest that the Golgi target-
ing of HTNV glycoproteins requires not only the interac-
tion of the two glycoproteins but also that they maintain
their structural integrity.
DISCUSSION
In this study we investigated the intracellular transport
and Golgi localization of the HTNV G1 and G2 glycopro-
teins with a view to clarifying discrepancies reported in
the literature. The conflicting points concern the Golgi
targeting ability of the individually expressed G1 and G2
proteins (Pensiero and Hay, 1992; Ruusala et al., 1992). It
should be noted that some of the previous observations
were made on the basis of low-resolution immunofluo-
rescence studies without appropriate Golgi or ER mark-
ers. Since HTNV glycoproteins are largely sensitive to
endoglycosidase H (endo H) (Antic et al., 1992; Ruusala
et al., 1992; Schmaljohn et al., 1986), endo H treatment
cannot be used as a confirmatory method to determine
intracellular transport to the Golgi. With double-staining
immunofluorescence and confocal microscopy our re-
sults showed that G1 and G2, when coexpressed, trans-
locate to the Golgi complex and colocalize with Golgi
markers GM130 and mannosidase II (Fig. 2). In contrast,
when G1 or G2 were expressed separately, they did not
locate to the Golgi, but were apparently retained in the
ER where they costained with calnexin (Fig. 3). Our
results are thus consistent with the findings of Ruusala et
al. (1992) that the HTNV glycoproteins must form a het-
erodimer for Golgi targeting/retention.
The inconsistencies noted in earlier articles could
have stemmed from differences in the cDNA constructs
used or in the experimental design and interpretation of
results. In the report of Pensiero and Hay (1992) the G1
construct was 642 amino acids long and lacked 6 amino
acids of the G2 signal sequence, whereas the G1 con-
struct used by Ruusala et al. (1992) was 859 amino acids
long and included 211 amino acids of G2. We developed
a series of truncation and deletion mutants that covered
the entire HTNV GPC (Fig. 1). When these mutant glyco-
proteins were expressed separately, none of them was
observed to colocalize with the Golgi marker GM130 (Fig.
4). In some transfected cells the truncated glycoproteins
FIG. 1. Schematic representation of the Hantaan virus M segment cDNA constructs. (A) Full-length M segment cDNA and C-terminal truncation
mutants. The HTNV glycoprotein precursor (GPC) is represented by the bar, with the signal sequences (SS) and predicted transmembrane domains
(TM) of G1 and G2 indicated. The corresponding hydropathy plot is shown above. The amino acids encoded by each construct are indicated on the
right. (B) HTNV M cDNAs containing internal deletions. The amino acids deleted from the GPC are listed on the right.
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FIG. 2. Intracellular localization of HTNV glycoproteins G1 and G2. HeLa cells were infected with vTF7-3 followed by transfection with HTNV virus
glycoprotein expressing cDNAs as described under Materials and Methods. At 5 h posttransfection, cells were treated for 4 h with cycloheximide and
then fixed, permeabilized with Triton X-100, and reacted with a mixture of monoclonal antibodies against HTNV G1 and G2, and with antibodies
specific for the Golgi (anti GM 130 and antimannosidase II (anti Mann II)) as indicated. The cells were then stained with Cy-5-conjugated goat
anti-mouse and FITC-conjugated goat anti-rabbit antibodies, before confocal microscopic examination. Individual fluorescent channels and merged
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expressed from the mutant constructs were observed in
the perinuclear region, but they clearly did not colocalize
with the Golgi marker (Figs. 4B and 4F to 4H). Similar
staining patterns were observed when G1 and G2 of Sin
Nombre hantavirus were separately expressed (Spiro-
poulou, 2001). Most likely this staining represents aggre-
somes (Johnson et al., 1998). Aggresomes are cytoplas-
mic inclusions formed by the accumulation of misfolded
proteins at the microtubule organizing center (MTOC).
Since the Golgi complex is dynamically localized around
the MTOC, misfolded proteins deposited in aggresomes
could be erroneously assigned to the Golgi (Johnson et
al., 1998; Kopito, 2000). Hence the use of specific or-
ganelle markers is crucial for interpreting the Golgi lo-
calization of HTNV glycoproteins.
When the constructs that encoded full-length G1 (in-
cluding the G2 signal sequence) were coexpressed with
the G2 construct, Golgi localization was restored (Fig. 5),
indicating that the G1 proteins expressed from these M
segment cDNA mutants were able to interact efficiently
with G2 expressed from a separate G2 construct. In the
case of Uukuniemi phlebovirus (UUKV) G1 and G2 have
different maturation kinetics in the ER, in which G1 folds
rapidly, while G2 folds slowly; thus the heterodimer forms
between G1 and G2 that were synthesized from different
precursor molecules (Persson and Pettersson, 1991).
Hence the glycoproteins of HTNV may behave similarly.
The removal of only 12 amino acids of G2 signal
sequence from the C terminus of G1 (amino acids 637–
648, construct G1-1949; Fig. 6) resulted in abrogation of
the Golgi localization of the coexpressed glycoproteins
(Fig. 5G). This suggests that the G2 signal sequence
probably remains attached to the G1 cytoplasmic tail and
may be essential for the interaction of the two glycopro-
teins and their localization in the Golgi complex. It has
been shown previously that the G2 signal peptide is
covalently connected to G1 of UUKV (Andersson et al.,
1997b). That the signal sequence of a downstream pro-
tein remains attached to the upstream protein in a pre-
cursor has been found in other virus systems, such as
with the capsid and E2 proteins of rubella virus (Suoma-
lainen et al., 1990), and the E2 membrane protein and 6K
protein of Semliki Forest virus (Liljestrom and Garoff,
1991).
Progress has been made on mapping the signals
required for Golgi localization of the glycoproteins of
other members of the Bunyaviridae family (Pettersson
and Melin, 1996). For Bunyamwera virus the Golgi tar-
geting signal resides in the N-terminal glycoprotein of
the precursor (called G2 in this case) (Lappin et al.,
1994). The Golgi signal of Punta Toro phlebovirus PTV
was mapped to the transmembrane domain and the first
10 amino acids of the cytoplasmic tail of the G1 protein
(Matsuoka et al., 1994, 1996), and for UUKV, the Golgi
signal was mapped to residues 10 to 40 of the G1
cytoplasmic tail (Andersson et al., 1997a). These data
indicate that the signal specifying Golgi localization re-
sides in just one of the glycoproteins. For HTNV, how-
ever, the available data suggest that the signal for Golgi
localization of the virus glycoproteins may depend on the
conformation of the oligomerized G1 and G2 complex
rather than a primary amino acid sequence.
FIG. 3. Colocalization of separately expressed HTNV G1 and G2 with
the ER marker calnexin. HTNV glycoproteins were expressed in HeLa
cells followed by immunofluorescent labeling with a mixture of MAbs
against HTNV G1 and G2, and an antibody specific for calnexin (CNX),
a marker of the ER. Individual fluorescent channels and merged images
are shown as indicated, with HTNV glycoproteins stained red, the ER
stained green, and colocalization shown by yellow staining. Cells in A
to C were cotransfected with the G1 and G2 expressing constructs;
cells in D to F were transfected with G1 expressing construct; cells in
G to I were transfected with the G2 expressing construct, and cells in
J to L were not transfected.
images are shown as indicated, with HTNV glycoproteins stained red, the Golgi stained green, and colocalization shown by yellow staining. Cells
in A to C and M to O were transfected with the full-length M segment cDNA; cells shown in D to F with the G1 construct; cells in G to I with the G2




CV-1, HeLaT4, and Vero E6 cells (ATCC C1008) were
grown in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS). vTF7-3, a re-
combinant vaccinia virus that synthesizes bacteriophage
T7 RNA polymerase (Fuerst et al., 1986), was a gift from
Dr B. Moss, NIH, Bethesda, MD.
Antibodies
Monoclonal antibodies (MAb) recognizing HTNV G1
and G2 were kindly provided by Dr. C. S. Schmaljohn
(USAMRIID, Ft. Dettrick, MD) and Dr. C. Hang (Institute of
Virology, Chinese Academy of Preventive Medicine, Bei-
jing). MAbs 3G1, 16D2, and 8B6 are specific for G1 and
MAbs 8F8, 8G3, 3D7, HCO2, and GD05 are specific for
G2 (Arikawa et al., 1989; Huang and Wang, 1990). A rabbit
polyclonal antibody against GM130, a cis-Golgi matrix
FIG. 4. Intracellular localization of HTNV glycoproteins expressed from truncated M segment cDNA mutants in HeLa cells. Cells were transfected
with either full-length M segment construct or truncation mutants (Fig. 1A) as indicated and then were doubly stained with a mixture of anti-G1 MAbs
and an antiserum against the Golgi marker GM130. Merged confocal microscopic images are shown, with HTNV G1 stained red and the Golgi stained
green.
FIG. 5. Intracellular localization of HTNV glycoproteins expressed from truncated M segment cDNA mutants coexpressed with G2 in HeLa cells.
Cells were cotransfected with the indicated deletion mutants and the G2 construct, followed by double staining with a mixture of anti G1 and G2 MAbs
and an antiserum against the Golgi marker GM130. Merged confocal microscopic images are shown, with HTNV glycoproteins stained red and the
Golgi stained green.
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protein (Nakamura et al., 1995), was provided by Dr. M.
Lowe (School of Biological Sciences, University of
Manchester, U.K.), and a rabbit polyclonal antiserum
against mannosidase II, a medial-Golgi marker enzyme
(Moremen et al., 1991), was provided by Dr. K. Moreman
(Department of Biochemistry and Molecular Biology, Uni-
versity of Georgia, Athens, GE). Anticalnexin antibody
was purchased from StressGen Biotechnologies Corp.
(Victoria, Canada); goat anti-rabbit antibody conjugated
with fluorescein isothiocyanate (FITC) was purchased
from Sigma, and goat anti-mouse antibody conjugated
with Cy5 was purchased from Amersham Pharmacia
Biotech (Buckingham, U.K.).
Plasmid construction and mutagenesis
A plasmid clone containing M segment cDNA HTNV
strain 76-118 (Pensiero et al., 1988) was originally sup-
plied by Dr. C. S. Schmaljohn and the cDNA insert sub-
cloned in pTZ under control of the T7 promoter. A series
of HTNV M segment cDNA mutants (Fig. 1A) with various
deletions at their 3 termini was created by using either
PCR or Bal 31 DNA nuclease digestion. M segment
mutants M3250, M3058, M2851, M2446, and G1-
1984 were obtained by PCR using a common forward
primer HTNVM29 and one of five specific reverse prim-
ers, M3250R, M3058R, M2851R, M2446R, and M1984R,
respectively. The reverse primers contained translational
stop codons. HTNV G2 (nt 1934–3616) was amplified with
primer pair HTNVM1934 and HTNVM3616R. All PCR
products were cloned into pGEM-1 vector under the
control of T7 promoter and their sequences were con-
firmed by the dideoxy chain-termination method. The
nucleotide sequences of primers and PCR conditions are
available from the authors on request.
Mutants G1-2024, G1-1949, G1-1765, G1-1591,
G1-1169, and G1-833 were made by progressive deletion
of HTNV M cDNA with Bal31 exonuclease. Twenty mi-
crograms of pTZ-HTNVM DNA was linearized with
EcoRV at nucleotide 2662 and the DNA was then di-
gested with 4 u Bal31 (Boehringer-Mannheim) at 37°C.
Aliquots were removed at intervals over 10 min, and the
DNA separated through an agarose gel and purified
using Geneclean III kit (Bio 101, Carlsbad, CA). An oligo-
nucleotide containing translational stop codons in all
three frames and an XbaI restriction enzyme site
(CTAGTCTAGACTAG) was then ligated to the Bal 31-
treated DNA. The 5 and 3 termini of the truncated M
genes were confirmed by DNA sequencing.
Internal in-frame deletions of approximately 300 to 600
nucleotides (encoding 100 to 200 amino acids) across
the coding region of HTNV M segment were made using
a PCR technique with Turbo-Pfu DNA polymerase (Strat-
agene): primer pairs in outward orientations were an-
nealed to circular plasmid DNA so that the entire plas-
mid except the desired deleted region was amplified by
PCR. The amplified DNA was purified by agarose gel
electrophoresis, phosphorylated, and recircularized with
T4 DNA ligase. In total 19 overlapping constructs with
internal deletions were constructed (Fig. 1B) and all
junctions across the deleted regions were confirmed by
sequencing. The primers used and the details of PCR are
available from the authors on request.
Infection and transfection of cells
Subconfluent monolayers of HeLaT4 cells were
grown on 13-mm-diameter coverslips for immunofluores-
cence assays and Vero E6 cells were grown in 35-mm-
diameter petri dishes for immunoprecipitation. Cells
were infected with vTF7-3 at 5 PFU/cell for 60 min and
then transfected with plasmid DNAs as described previ-
ously (Lappin et al., 1994). Briefly, for cells grown on
coverslips, 0.5 g plasmid DNA and 6 l cationic lipo-
somes were diluted in 250 l OptiMEM (BRL-Life Tech-
nologies, Paisley, U.K.), and for cells grown on 35-mm
dishes, 2 g DNA and 15 l liposomes were diluted in
500 l OptiMEM. The DNA–liposome mixtures were in-
cubated for 10 min at room temperature before adding to
the cells that had been washed previously with Opti-
MEM. Three hours posttransfection 0.5 ml DMEM con-
taining 10% FBS was added and incubation continued at
37°C. Under these conditions a transfection efficiency of
80% was routinely achieved, and when two plasmids
were used, 50% of cells were doubly transfected.
Immunofluorescent staining
At 5 h posttransfection, cycloheximide was added to
the culture medium to a final concentration of 50 g/ml
and cells were incubated for a further 4 h. Cells were
then fixed for 10 min with 4% paraformaldehyde, incu-
bated for 30 min in 10 mM glycine, and permeabilized by
incubation in PBS containing 0.1% Triton X-100 for 30 min.
The permeabilized cells were reacted for 30 min with
MAbs against HTNV glycoproteins (mixtures of the
FIG. 6. Amino acid sequence of the junction between HTNV G1 and
G2. The C-terminal region of G1, the predicted G2 signal sequence, and
the N-terminus of G2 are indicated; the actual C-terminus of G1 has not
been determined. The sequences contained in expression constructs
G1-1984 and G1-1949 are also shown. G1 expressed from G1-1984
was able to localize to the Golgi when coexpressed with full-length G2,
whereas G1 expressed from G1-1949 remained in the ER when
coexpressed with full-length G2. SS, signal sequence; TM, transmem-
brane domain; , N-linked glycosylation sites.
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anti-G1 and G2 antibodies at 1:500 dilution), and anti-
GM130 (1:600 dilution) or anti-mannosidase II (1:50 dilu-
tion) as required. After thorough washing with PBS, the
cells were stained for 30 min with Cy5-conjugated anti-
mouse IgG and FITC-conjugated anti-rabbit IgG. The
localization of viral antigens and Golgi proteins were
examined using a Zeiss LSM Confocal Microscope.
ACKNOWLEDGMENTS
We express our gratitude to Changshou Hang, Martin Lowe, Kelley
Moreman, Bernard Moss, and Connie Schmaljohn for providing re-
agents used in this work, Roger Everett for invaluable advice on
confocal microscopy, and Lesley Taylor for DNA sequencing. This work
was supported by Grants 046745 and 048378 from the Wellcome Trust
and G9604479 from the Medical Research Council.
REFERENCES
Andersson, A. M., Melin, L., Bean, A., and Pettersson, R. F. (1997a). A
retention signal necessary and sufficient for Golgi localization maps
to the cytoplasmic tail of a Bunyaviridae (Uukuniemi virus) membrane
glycoprotein. J. Virol. 71, 4717–4727.
Andersson, A. M., Melin, L., Persson, R., Raschperger, E., Wikstrom, L.,
and Pettersson, R. F. (1997b). Processing and membrane topology of
the spike proteins G1 and G2 of Uukuniemi virus. J. Virol. 71, 218–225.
Antic, D., Wright, K. E., and Kang, C. Y. (1992). Maturation of Hantaan
virus glycoproteins G1 and G2. Virology 189, 324–328.
Arikawa, J., Schmaljohn, A. L., Dalrymple, J. M., and Schmaljohn, C. S.
(1989). Characterization of Hantaan virus envelope glycoprotein an-
tigenic determinants defined by monoclonal antibodies. J. Gen. Virol.
70, 615–624.
Fuerst, T. R., Niles, E. G., Studier, F. W., and Moss, B. (1986). Eukaryotic
transient-expression system based on recombinant vaccinia virus
that synthesizes bacteriophage T7 RNA polymerase. Proc. Natl.
Acad. Sci. USA 83, 8122–8126.
Goldsmith, C. S., Elliott, L. H., Peters, C. J., and Zaki, S. R. (1995).
Ultrastructural characteristics of Sin Nombre virus, causative agent
of hantavirus pulmonary syndrome. Arch. Virol. 140, 2107–2122.
Helenius, A., and Aebi, M. (2001). Intracellular functions of N-linked
glycans. Science 291, 2364–2369.
Huang, Q., and Wang, M. (1990). Protection of monoclonal antibody for
HFRS virus infected mice. Chin. J. Virol. 6, 106–110.
Hung, T. (Ed.). (1998). “Atlas of Hemorrhagic Fever with Renal Syn-
drome.” Science Press, Beijing.
Johnston, J. A., Ward, C. L., and Kopito, R. R. (1998). Aggresomes: A
cellular response to misfolded proteins. J. Cell Biol. 143, 1883–1898.
Kopito, R. R. (2000). Aggresomes, inclusion bodies and protein aggre-
gation. Trends Cell. Biol. 10, 524–530.
Lappin, D. F., Nakitare, G. W., Palfreyman, J. W., and Elliott, R. M. (1994).
Localization of Bunyamwera bunyavirus G1 glycoprotein to the Golgi
requires association with G2 but not with NSm. J. Gen. Virol. 75,
3441–3451.
Liljestrom, P., and Garoff, H. (1991). Internally located cleavable signal
sequences direct the formation of Semliki Forest virus membrane
proteins from a polyprotein precursor. J. Virol. 65, 147–154.
Lo¨ber, C., Anheier, B., Lindow, S., Klenk, H.-D., and Feldman, H. (2001).
The Hantaan virus glycoprotein precursor is cleaved at the con-
served pentapeptide WAASA. Virology 289, 224–229.
Matsuoka, Y., Chen, S. Y., and Compans, R. W. (1994). A signal for Golgi
retention in the bunyavirus G1 glycoprotein. J. Biol. Chem. 269,
22565–22573.
Matsuoka, Y., Chen, S. Y., Holland, C. E., and Compans, R. W. (1996).
Molecular determinants of Golgi retention in the Punta Toro virus G1
protein. Arch. Biochem. Biophys. 336, 184–189.
Moremen, K. W., Touster, O., and Robbins, P. W. (1991). Novel purifica-
tion of the catalytic domain of Golgi alpha-mannosidase. II. Charac-
terization and comparison with the intact enzyme. J. Biol. Chem. 266,
16876–16885.
Nakamura, N., Rabouille, C., Watson, R., Nilsson, T., Hui, N., Slusar-
ewicz, P., Kreis, T. E., and Warren, G. (1995). Characterization of a
cis-Golgi matrix protein, GM130. J. Cell Biol. 131, 1715–1726.
Pensiero, M. N., and Hay, J. (1992). The Hantaan virus M-segment
glycoproteins G1 and G2 can be expressed independently. J. Virol.
66, 1907–1914.
Pensiero, M. N., Jennings, G. B., Schmaljohn, C. S., and Hay, J. (1988).
Expression of the Hantaan virus M genome segment by using a
vaccinia virus recombinant. J. Virol. 62, 696–702.
Pensiero, M. N., Sharefkin, J. B., Dieffenbach, C. W., and Hay, J. (1992).
Hantaan virus infection of human endothelial cells. J. Virol. 66, 5929–
5936.
Persson, R., and Pettersson, R. F. (1991). Formation and intracellular
transport of a heterodimeric viral spike protein complex. J. Cell Biol.
112, 257–266.
Pettersson, R. F., and Melin, L. (1996). Snythesis, assembly, and intra-
cellular transport of Bunyaviridae membrane proteins. In “The Bun-
yaviridae ” (R. M. Elliott, Ed.), pp. 159–188. Plenum Press, New York.
Ravkov, E. V., Nichol, S. T., and Compans, R. W. (1997). Polarized entry
and release in epithelial cells of Black Creek Canal virus, a New
World hantavirus. J. Virol. 71, 1147–1154.
Ruusala, A., Persson, R., Schmaljohn, C. S., and Pettersson, R. F. (1992).
Coexpression of the membrane glycoproteins G1 and G2 of Hantaan
virus is required for targeting to the Golgi complex. Virology 186,
53–64.
Schmaljohn, C. (1996). Molecular biology of hantavirus. In “The Bunya-
viridae ” (R. M. Elliott, Ed.), pp. 63–90. Plenum Press, New York.
Schmaljohn, C. S., Hasty, S. E., Rasmussen, L., and Dalrymple, J. M.
(1986). Hantaan virus replication: Effects of monensin, tunicamycin
and endoglycosidases on the structural glycoproteins. J. Gen. Virol.
67, 707–717.
Schmaljohn, C. S., Schmaljohn, A. L., and Dalrymple, J. M. (1987).
Hantaan virus M RNA: coding strategy, nucleotide sequence, and
gene order. Virology 157, 31–39.
Spiropoulou, C. F. (2001). Hantavirus maturation. Curr. Top. Microbiol.
Immunol. 256, 33–46.
Suomalainen, M., Garoff, H., and Baron, M. D. (1990). The E2 signal
sequence of rubella virus remains part of the capsid protein and
confers membrane association in vitro. J. Virol. 64, 5500–5509.
38 SHI AND ELLIOTT
